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© Microstructure-bearlng composite plastic articles and method of making. 



© A microstructure-bearing composite plastic article can be superior, both in microstructure and in physical 
properties, when it is a composite of a tough, flexible substrate, at a surface of which is microstructure formed of 
a cured oitgomeric resin having hard segments and soft segments, which cured resin is substantially confined to 
the microstructuro portion of the composite. Such a composite plastic article can be made by depositing an 
uncured oligomeric resin composition (16) onto a master negative molding surface in an amount barely sufficient 
to fill the cavities (14) of the master (10). filling the cavities by moving a bead of the compositions between a 
substrate (22) and the master, and curing the deposited composition by ultraviolet radiation while keeping the 
temperature during curing to not more than 50 "C above the typical use temperature of the finished composit 
plastic article. 
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MlCROSTRUCTURE-BEARING COMPOS.TE PLASTIC ARTICLES AND METHOD OF MAKING 

Background of the Invention 

5 Field of the Invention 

io articles. . 
Description of the Related Art 

cbe-corn.. smeng by beooetno • ™*™»- *?J» £ ^ , hus , eptou „g me surface. The 

„„b h„« M sot. «^^7^ ( ^,i™™n.^^ur. ,b be ,.,»«..«. <• e IMd. 

'"""»* "^•'S. S«n addmoh-po.yme.izeble. =..»«.«.. o, 9 .n,= 
castable. onvpart. preteraoiy soivem e Pnmen ts and 'soft' segments, exposing the 

oligomer composition (or precursors ^JJ^n^STS as u.t aviolet radiation, and thereby . 
» resulting cast compositions to rad.at.on. preferably actm.c rad ^' on suc . ,„ ad(jition t0 

.orming said articles, e.g.. a retroreflective cube-corne one or more "E" precursors 
« he ha°d ("H") and soft ("S") segments, the J^^i 9 .;^,. methacry.yl. al.y. 

-contain-ng a ^J?? ^^^^^in diluting monomers which "are 
or vic-epoxy group (col. 4. is. to J ooj. me w h monomers and vic-epoxy reactive diluents. 

30 addifon-polymerizable monomers. *~ ^S^lie composition" (CO,. 36. ,S. 

lo'S'te 9 additL^me-tion cata.st. preferably a photopo,ymeri 2 ation 

catalyst at about 0.25 to 1.0% of the oligomer* ^^"V the oUgomeric composition to replicate 
Almost every example of the ^^^J^^^T^- Have fine microstructure. 
35 a diffraction grating master or a «di° *tcnM»ttr ( «J^ 22 >; b 0.128 mm in depth, and • 

The exceptions are Example 20. which reports the YJ'" ,,0 1 of which have relatively large microstruc- 
Example 21. which reports the replication of, ^^^ST^X Because arable resin 
.ores. i.e.. several magn.tudes greater Jhan ^ ^J^^ J* precision relatively large 
„ ZZV^-i~* the fine microslructures of the 

masters used in other examples. t ^ ^ cube corner 

6 " W l a J™0 ^ oV^'i c US Mc. me 0,28 m. depth « 

aeo.ese.ons. end the m okness o the e g sifo „ w „ spp ,„ a „ me miokness sobsteo- 

« ™o«» .fm. STS me "s™?,e„s o,emeh,s io o,0„ ,o ,e SU » * e semsoppo*, MM. »ns 

me ps„.,o m -toeo 8 .^ S; U/oo, ove, me he, 

me sooslrsie... The edeeneemeri of me 0 eeo o qu y ^ ^ B up 
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rupture releasing the gas.... As long as the substrate or master is able to bend sufficiently to enable the 
formation of a bead and propagation" of that bead as the bend-point is moved forward, the substrate or 
master .s sufficiently flexible" (col. 2. lines 3-68). Substrates used in the Kerfeld examples are flexible f.lms 
of polyester polyvinyl chloride), and poly(methyl methacrylate). 

US Patent No 4,414.316 (Conley) concerns plastic articles, the surfaces of which replicate relatively 
large microstructures such as Fresnel lenses. In Examples 1 and 3. a polyester film is coated with a UV. 
curable resin that is pressed against a lenticular pattern and cured by directing ultraviolet radiation through 
the polyester film while the resin is in contact with the molding surface. Fig. 2 shows that in the resulting 
products the thickness of the layer 12 of cured oligomeric resin is large compared to the depth of the 
lenticular formations 13. The UV-curable resin preferably is an acrylate urethane polyester oligomer. See 
also U.S. Patent 4.420.502 (Conley). 

Summary of the Invention 



is 



The present invention concerns a composite plastic article having at least one microstructured surface 
containing a plurality of utilitarian discontinuities ranging in depth from at least 0.025 mm to as great as 
about 0.5 mm. The composite plastic article of the invention is believed to be superior in flexibility and 
20 toughness to any replicated thermoplastic article now on the market that has relatively large microstructure 
(i.e.. at least 0.025 mm). The composite plastic article is believed to be superior in replication tideiity to 
radiation-cured articles described in the above-cited prior art. 

As used herein, the term utilitarian means that the discontinuities provide a positive contribution to the 
functioning of the article. Optically utilitarian discontinuities" provide a positive contribution to the function of 
25 an optical device. Representative examples of devices having optically utilitarian discontinuities include, but 
are not limited to. cube-corner reflective sheeting, refractive or diffractive Fresnel lenses, and films bearing 
a series of parallel linear prisms with planar facets. 

The composite plastic article of the invention is characterized by a tough, flexible substrate, one face of 
which bears microstructure of a depth of at least 0.025 mm. the microstructure comprising a flexible cured 
30 oligomeric resin having hard segments and soft segments, which cured oligomeric resin is substantially 
confined to the microstructure portion of the composite. By "tough, flexible" is meant that the substrate h3S 
a tensile strength of at least approximately 1500 MPa and can be bent to a radius of 3 cm or less without 
breaking. The cured oligomeric resin (sometimes also referred to herein as the polymerized resin) typically 
has a thermal expansion coefficient (TEC) that is from 1.33 to 6 times greater than the TEC of the flexible 
35 substrate (sometimes also referred to herein as the preformed substrate). 

Useful oligomeric resin compositions which cure to a flex.ble state include, but are not limited to, 
acrylate. epoxy or urethane based materials, but preferably they are acrylate based materials. As used 
herein "acrylate" encompasses methacrylate. By a "flexible state" is meant that a film of the cured 
oligomeric resin 0.25 mm in thickness can be bent to a radius of 3 cm or less without breaking. 
40 The invention also- concerns a method for making the novel microstructure-bearing composite plastic 
article. That method includes the following steps: 

a) preparing a one-part, solvent-free, radiation-polymerizable. crosslinkable. organic oligomeric resin 
composition having hard segments and soft segments. 

b) depositing the oligomeric resin composition onto a master negative microstructure molding surface 
45 in an amount bareiy sufficient to fill the cavities of the master. 

c) filling the cavii.es by moving a bead of the composition between a preformed substrate and the 
master, at least one of which is flexible, as taught in the Kerfeld patent, and 

d) irradiating the deposited composition to provide a composite of said substrate and polymerized 
oligomeric resin, and when the thermal expansion coefficient (TEC) of the substrate and the polymerized 

50 resin are not approximately equal, limiting the temperature during curing to not more than 30 C above the 
typical use temperature of the finished composite plastic article. 

As used herein, the typical use temperature of the finished composite r.;astic article means the steady 
state operating temperature attained during normal use of the finished composite. 

As taught in the Martens patent, the oligomeric resin composition of step a) can be a one-part, solvent- 
55 free radiation addition-polymerizable. crosslinkable. organic oligomeric composition having hard segments 
and'soft segments plus a photoinitiator at from about 0.1 to 0.5% by weight of the resin composition. The 
hard segments preferably are polyurethane and the soft segments preferably are polyester. 

The viscosity of the reactive oligomeric resin composition as deposited in step b) should be within the 
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. ' fa n 5 e o. 3,0, .000 to 5.000 ops. Above that range, air 

not completely fill the cavmes ol the master. -If an attempt were made to obta.^ a y 

the overall equ.va.en, we.ght (weigh, per number of -act.ve groups of the gom nc jrp ^ 

be so low that the res,n would expenence shrmkage upon cunng to such n e te t ^ 

5 . es ,n would not faithfuny replicate the master completely fill the 

2.000 to 3.000 cps. Within that P^^^J^^^S the cavities are unusually deep 
cavties without any need to apply more than hand pressure. -ver ^ 
and or narrow, it may be desirable to reduce the v,scos,ty below about cps. 
is to be preferred over any failure to fill the cavities completely. 

, 0 ,n order to ach.eve the desired viscosity, it usually ,s necessary o ,nc 6 ^ 

oligomer* resin compos.tion. When the ol.gomenc res.n ^pos.t.on s acryU^ 
monomer may Oe an ethy.enica.ly unsaturated monomer such as an alky, acry^e 
.evea.ed in the Martens patent. The relative amounts of Ol.gomer and high shrinkage 

the overall equivalent weight of the composite ,s not so low that there .s unacceptaoy g 

"' UP0 : C sS 9 b,. sufl.cien, pressure should Oe applied to squeeze out excess resin so that 
above the cavities is -ess than about 20 % of the depth of the cavities. 

,0% By maintaining a minimum resin thickness, the heat rise during cur.ng can be kept to a 
When theTmount of the oligomeric resin composition. remaining after step b) has been 
» In suntc.ent to fill the cavities (e.g.. covers the cavities by more than 20% of the.r depth).-the resultmg 
compos. p"a Sc rtic e have not faithfully replicated the master molding surface. Furthermore, larger 
amounfof the oligomeric res.n composition would be uneconomical since the oligomers res.n typ,ca«.y * 
much more expensive than the substrate material. , b h 
PoTvcarbonate film is a preferred substrate for use in, step c). being economical, opfcally clear and 

30 m hyl metiacrytate). polyurethane. polyester. P o.y(viny.ch.oride, glass, metal and paper. The surface of 

oUoomeri? resin compos.tion. substrate and master to rise prior to comp.et.on of the cure When he cured 

o gome c resin and substrate of the composite plastic article are removed 
3S cool w ambient temperature, they shrink to an extent dependent on their respectwe TECs. When there is 
35 emp^Tril. during step d/and the TECs of the substrate and cured ^gom^ « ^ 

^metrical shrinkaoe should occur, thus preserving repl.cat.on f.del.ty. When the TECs ot the cureo 
ic esTn and substrate are dissimilar, asymmetric shrinkage of the composite occurs upon cooling. 

A S sLkat can produce distort.on of the microstructured pattern and poor reproduct.onf.del.ty. 
. whTe some Portion and poor reproduction fidelity can bo tolerated in mechanical applications, they are 

to a flexible smte^nd are known to be useful in producing optica, composites ol the mvem.on have (when 

-cUT^n^^^ 

M Thnnoon^nanioa, w»sus« I «" -" ^SrS.",,, «Lnc e s in «M and 

opiical pertormano. ol lh. compos, e unless care «« i trtw » mo p 
■ S» rSoo^cTos;™,^ » -n to . . ™.s, apples 
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this corresponds to a maximum temperature during curing of 50 " C. 

When the oligomeric resin composition is polymerized by radiation, the temperature can be controlled 
in any of a number of ways. e.g.. by passing the radiation through a heat filter, by cooling the air adjacent 
the curing resin, by cooling the mold with a suitable heat exchange medium, by cooling the oligomers resin 

5 composition before application to the mold, by controlling the intensity of radiation, and when employing 
actinic radiation, by restricting the amount of photoinitiator. 

When employing actinic radiation, the amount J the photoinitiator preferably is no more than 0.5% by 
weight of the resin composition. On the other hand, when the amount of the photoinitiator is less tnan 0.1% 
by weight of the resin composition, the polymerization might proceed at an uneconomical^ slow rate. When 

jo the actinic radiation is ultraviolet, preferred photoinitiators include derivatives of acetophenone, such as the 
commercially available compounds 1-hydroxycyclohexyl acetophenone ("Irgacure" 184. a solid available 
from Ciba-Geigy), and 2-hydroxy-2-methyl propiophenone fDarocur" 11 73. a liquid available from EM 
Industries). 

The intensity of radiation should be selected such that it completely cures the oligomeric resin 
»5 composition at an economically rapid rate of production. When the depth of the microstructure is close to 
0.025 mm. it usually is possible to complete the curing within about one second while keeping the 
temperature of the oligomeric resin composition below 50"' C. Greater depths of the microstructure require 
longer times of exposure in order to keep the temperature desirably low. e.g., about TO'seconfls for a depth 
of about 0.5 mm. 

20 When controlling the temperature of the process by cooling the oligomeric resin composition, its 
viscosity rises and can become too high for easy delivery to the master. When the temperature of the 
master molding surface is lowered, such as by placing the master in contact with a cooled heat exchange 
fluid, the adhesion of the polymerized resin usually increases and may become too high to allow clean 
removal from the master, especially when the mold is metal. Better release is obtained from a thermoplastic 
25 master that has a suiiace energy below 33 dynes/cm. 

A preferred master for use in the above-outlined method of the invention is a sheet of thermoplastic 
resin that is stable to the curing conditions and has been embossed by a metallic master tool such as 
nickel-plated copper or brass. Such a thermoplastic master is relatively inexpensive and yet can be used to 
form a few thousand composite plastic articles of the invention before becoming unduly worn. 
30 When the thermoplastic master is made from a radiation-transparent thermoplastic material, the reactive 
oligomeric resin can be cured by being irradiated through the master. By using a radiation-transparent 
master, substrates for the composite plastic articles of the present invention can be opaque, e.g.. have a 
reflective metallic or other coating or decorative imprinting or be impregnated with a pigment or dye. The 
substrates can have any thickness. A thermoplastic master can have sufficient body and flexibility to permit 
35 it to move a bead of the oligomeric composition across the substrate, which accordingly can be rigid. 

When the master is made from a radiation-transparent thermoolastic resin such as a polyolefin. it is 
possible to prepare composite plastic articles bearing microstructures on both surfaces of the substrate. 

By being made of thermoplastic resin, the master can have a low-energy surface that affords good 
release from a cured oligomeric resin. Good release is assured when there is a significant difference in 
40 surface energy between the surfaces of the master and the cured oligomeric resin, the latter typically being 
about 40-41 dynes/cm. Because the surface energy of each of polypropylene and polyethylene is about 30- 
31 dynes/cm. these afford easy separation of the cured oligomeric resin. However, when polypropylene is 
corona treated, its surface energy increases to about 44 dynes/cm. thus making it less suitable for use in a 
molding master but a good candidate for the substrate of a novel microstructure-bearing composite plastic 
as article. Poly(vinylchloride) and cellulose acetate butyrate. both of which are about 39-42 dyne&'cm in 
surface energy also provide good bonding with the cured microstructure but could not be used as the 
master molding surface without a release agent. Polyolefins are more transparent to and stable towards 
ultraviolet radiation than are poly(vinylchloride) and cellulose acetate butyrate. 

A particularly preferred material for use in a master is a laminate of polyethylene and polypropylene 
50 which has been embossed with the polyethylene layer in contact with the metallic master tool at a 
temperature above the softening point of the polyethylene and below that of the polypropylene. The 
polypropylene layer of the laminate affords the strength and flexibility needed to permit it to move a bead of 
the oligomeric composition across a rigid master negative molding surface, and the polyethylene layer 
provides the low T g and melt temperature to facilitate replication of the original master tool. 
55 The composite plastic article of the invention can bear a linear prism microstructure to be a total 
internal reflecting film (TIRF). A preferred TIRF has a polycarbonate substrate about 0.1 to 0.25 mm in 
thickness and a m:crostructure from 0.05 to 0.2 mm in depth. Such a TIRF can be rolled up to form a light 
pipe 2 to 3 cm in diameter without crazing or breaking. In comparison, prior art TIRF made of polycarbonate 
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film, one surface of which has a ..near prism microstore, canno, be rolled «e Mess tha " <j£ 
diameter without crazing or breakmg. Preferred restructure for hght p.pes has b en described SPIE 

^^t^i^^W^**^ retroref.ec.ors. Fresne. .enses. and other ,enticu,ar 
microstructures. 
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T-Test Value 

The optical quality of a TIRF can be evaluated with apparatus includ.ng a laser (Spectra-Phys.es Inc. 
Model 117A) with a spatial filter, beam expander, and a collimator. Two d,aphragms or .nses are p aced 18 
and 38 cm from the laser, and an annular sample holder with an opening 6.35 cm -n diameter is placed 84 
cm from the laser. Directly behind the sample holder is an integrating sphere (with a 1-cm diameter 
aperture) and a "Labsphere" ML-400 radiometer. Using the diaphragms or .nses. the laser .s focused 
through the aperture to obta.n a clean circle of light of about 3 mm diameter on a black surface counted on 
the sample holder. A source intens.ty measurement of 100% .s taken with no sample in place. The TIRF to 
be tested is then mounted on the sample holder with its flat surface fac.ng the laser and its grooves : 
extending vertically. Unless otherwise reported. T-Test Values are measured at ambient temperature. 
Readings are then made at from 12 to 15 different points on the TIRF within a 5-cm d.ameter area while 
making sure that none of the light strikes the frame ol the sample holder. The readings are averaged and 
multiplied by 100 to give percent transmission which is,<he T-Test Value ol the TIRF cample. A T-Test 
Value of 5% or less indicates that the. TIRF is substantially totally internally reflecting. 

Interterometry Fringe Curvature Test (Curve Value) 

An individual groove lace ol a TIRF can be studied by reflectance interterometry in a microscope, with 
a monochromatic light source. By proper adjustment ol the interferometer, the field of v.ew shows a number 
of evenly spaced alternating dark and bright bands (Iringes) aligned nom.nally perpend.cular to the groove 
direction The repeating distance between dark bands corresponds to one half of the wavelength of the hght 
source If the groove face is perfectly Hat. the fringes will be straight lines. If the groove face is not flat. e.g.. 
due to distortion of the replication layer, the fringes will be curved. From a photograph of the .nterferogram. 
the amount of curvature can be measured and compared to the imer-fr.nge spacing. The curvature can then 
be expressed as a number of wavelengths of deviation from straight (i.e.. "Curve Value"). The Curve Value 
corresponds directly with the number of wavelengths of deviat.on from flatness of the groove face. 

The Drawing 

The invention may be more easily understood in reference to the drawing, the single figure of which is 
a schematic isometric illustration ol a method of producing microstructure-bearing composite plastic articles 

45 of the invention. . 
In the drawing, a TIRF master 10. with its grooves 14 facing upwardly, is laid on a flat table 12. A bead 

of UV-curable resin 16 is deposited across one edge 18 of the grooves 14 in an amount barely sufficient to 

fill the grooves completely. A clamp 20 is fastened along one edge of a flexible, transparent, plastic film 22. 

and the opposite edge 24 of the plastic film is laid onto the bead of resin to extend slightly beyond said one 
so edge 18 of the grooves. A hard rubber roller 26 is brought into contact with said opposite edge 24 ol the 

plastic film 22 and rolled across the plastic film, thus advancing the bead ol resin 16 to fill the grooves 14. 

Then after the UV-curable resin has b en cured by being exposed to ultraviolet radiation through the plastic 

film 22. the clamp 20 is lifted to peel the r s jlting microstructure-bearing composite plastic article from the 

master 10. thus enabling the master to be reused. 

ss 
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In the examples, all pans are given by weight. 



Example 1 



A .iquid UV-curable o.igomeric resin composition having a viscosity of 1600 cps was prepared by 
blending together: 



10 



IS 



Reactants 



Acrylate-capped polycaprolactone urethane oligomer 

N-vinyl pyrrolidone 

[(2-ethoxy)-2-ethoxy]ethyl acrylate 

1.6-hexanedioI diacrylate 

N-(isobutoxy methyDacrylamide 

Tertiary amine mixture f Tinuvin" 292) 

1 -hydroxycyctohexyl acetophenone 



Parts 



54.3 

16.3 

11.3 
5.7 

11.1 
1.0 
0.25 



20 



25 



30 



35 



40 



The acrylate-capped polycapro.actone urethane oligomer '^^^^^^^^t 
B f the Martens patent except that 0.75 mole ol polycaprolactone triol ( N.ax PCP-310) was employee un 
to the 1 moles of the diol. and 2-hydroxyethy. acrylate was employed instead of the methacry.a e. 
3 S as a IT ne Q ti e ve molding surface was a .aminate of polyethylene (0.375 mm, and po.y- 
p f0P yene (1.0 mm,, the po.ye.hy.ene surface O, which had been J£TpS£ 
master too. to have a total internal reflecting pattern of linear pr.sms 0.175 mm deep and 0.35 mm peak 

As illustrated in the drawing, .iquid UV-curable oligomeric resin composition was poured along one edge 

^rLCuTsO Uv processor, 4 cm from the surface of the deposited o.igomeric resm compoMon. thus 
providing " tota- exposure o, about 5 seconds which corresponds «o a dosage range of from about 200 to - 

400 The C rTsu.ting microstructure-bearing composite TIRF was pee.ed from the master ™^j£™»f 
had a T-Test Value of 3.5%. It was used to make a light pipe by rolling two p.eces and .nsen.ng them .n 
abutttno re" ion into a rectangular enclosure 4.4 cm on each side and approx,ma.e.y 63 cm ,n length. Three 
S^^rS^rTUr. pigmented po.y(methy. methacry.ate) resin, and ft. fourth s.de was a 

alg the remainder of the diffusing film. Light meter readings, wh.ch are reported I « Table A. 
2 5 cm intervals along the length of the diflusir.g film beginn.ng at a d.stance ol 35.1 err frorn he hgh 
,rT tui Point 1 1 was 60 5 cm from the light source or 2.5 cm from the m.rror. The h.gh values at Test 
S an" 10°:1 % ££ i the .wo pieces being abutted against each ^J^"*™* £ 
Vo. Table A summarizes initial test data as well as data obtained approx.mate.y 30 days after the TIRF was 

prepared. 
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Table A 
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15 



20 



25 





Light-meter 




Readings 


Test 


Initial 


30 Day 


Point 






i 


215 


217 


c. 


205 




J 


204 


197 


4 


196 


196 


5 


193 


1.98 


6 


194 


199 


7 


200 


205 


, 8 


210 


215 


9 


245 


258, 


10 


243 


250 


11 


191 


198 



For ptoses o, comparison, a 
Exampie 1 except that the peaks of EJiorfo**. importance of restricting 

of the oligomer* resin con.pos.tton. Its T-Test Value was BJU. t u B cavjUes q( ^ mast9f 

the deposited oligomeric resin composition to an amount barely some 
molding surface. 



Example 2 
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A npuid UV curable oHgomer res.n compos.tion having a viscosity o, 1720 cps was prepared by 
blending together: 



40 



Reactar.ts 


Parts 


Oligomer of Example 1 

Isooctyl acrylate 

1 ,6-hexanediol diacrylate 

1 -hydroxycyclohexyl acetophenone 


70.8 

22.9 
6.0 
0.25 



45 



This o, 8 o m .,«o .0* co.p.si.oh T «« >^»l^ m '™^i™X*tZ 
a T-Test Value o\ 3.7%. - 
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Example 3 



,o ton . compos,.. TIRF plas,o m» "W ™ £ being hnM a. 177 C lot on 



Example 4 
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T he UV-curable cleric .Sin — ^J^^^^^S 
form a composite TIRF plastic art.cle except that the subs ra was kra. p p l 

which had an aluminum vapo,deposited coaung ^'^^J^'J^o*. T.RF had good 
men cured by being irradia»«d through the polyolef.n master. The resuuuni 

integrity and was easily removed Irom the - ositioneJ immediately behind transparent 

This example shows how an opaque substrate can be posmoneu 
microsiructurc by a simple, economical procedure. 

Example 5 

. The polyethylene «ace of a sheet o. po.yethy.ene-po.ypropy.ene ^ q ^^ X£ 

DO ssed from a nicxe-plated copper master tool to preside ^ ^^^^ ^^ composition 0 . 

pattern depth ranging .rom 0.025 mm to 0.125 mm. Using the UV-cu rata °J9°™ 

Example 2 and a polycarbonate substrate film (0.25 mm), a composite plastic Fresnel P 

by the procedure of Example 1 . 

Example 6 



rs 



JO 



Example 2 to produce a compos.te TIRF plastic article. '"•"« "• , 0 | M by ultraviolet 

those at the other surface. 



Example 7 
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A liquid UV-curable oligomeric resin com 
blending together: 



imposition having a viscosity of 2400 cps was prepared by 



Reactants 



Acrylate-capped urethane oligomer containing 20% propoxylated 
neopentyl glycol diacrylate (-Photomer" 6827. from Henkel Corp.) 
lsooctyl acrylate 

1-hydroxycyclohexyl acetophenone ^ 



Parts 



76.1 

21.6 
0.25 



Using the master anci procedure 
Test Value of 2.7%. 



of Example 1. a composite TIRF plastic article was produced having a T- 
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Examples 8*13 



55 



A liquid UV-curable oligomeric resin 



composition was prepared by blending the following materials 



together: 
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Reactants ^ 

Polyether urethane acrylate oligomer fEbecryP 4826, .viable Irom Radcure Specialties. Inc.) 
Neopentylglycol propoxytate diacrylate (-Photomer" 412/) 

2-Hydroxy-2-methyl propiophenone — 



75 
25 
0.5 



jo 



15 



20 



indicated in Table B. The effect of temperature dunng e ^^^^J^ M * t tne tem perature S 
sandwiches on 0.64 cm thick .•^ t ^» ^ ^''2 ^^^^ a so monitored as it exited the 
indicated in Table B prior to cunng. The » m ^*^^*S^ R J plastic article with its substrate 

the following tables. 

TableB 



25 



30 



Example 



8 
9 

10 
11 
12 
13 



Excess Resin 
Thickness 



28% 
14-28% 
21% 
14% 
21% 
14% 



Initial 


fc'xit Temp. 


Initial T-Test 


Initial Curve 


Temp. (* C) 


<*C) 


Value(%) .. 


Value 


0 


13 


2.24 


0.28 


0 


14 


2.58 


0.13 


35 


38 


3.07 


0.86 


35 


44 


2.55 


1.35 


70 


67 


5.48 


1.52 


70 


70 


5.33 


1.82 



35 



The composites of Examples 8 . 13 were then aged at 70 " C and the T-Test to 
"Curve VaW repeated after 240 and 480 hours aging. Results of these tests are reported ,n Table C. 

Table C 



40 



45 



Example 


240 hr T-Test 
Value{%) 


240 hr 
Curve Value 


480 hr T-Test 
Value(%) 


480 hr 
Curve Value 


8 


1.71 


0.15 


2.10 


0.12 


9 


2.13 


0.10 


2.43 


0.08 


10 


2.99 


0.86 


3.59 


0.83 


11 


2.52 


1.04 


3.41 


1.05 


12 


4.88 


1.52 


6.31 


| 1.75 


13 


4.85 


1.50 


6.36 


1.83 



50 



The data in Tables B and C demonstrate that TIRF articles cured at higher temperatures show higher T- 
Test Values and higher Curve Values, indicative of inferior reproduction fidelity. 



55 



Examples 14-19 



A liquid UV-curable oligomer* resin composition was prepared by blending the following materials 

10 
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together: 



Reactants 


Parts 


Polyether urethane acrylate oligomer ("Ebecryl" 4826) 
Polyester urethane acrylate oligomer ("Photomer" 6019) 
Neopentylglyco! propoxylate diacrylate ("Photomer" 4127) 
2-Hydroxy-2-methyl propiophenone 


35 

50 . 
15 
0.5 



70 

The procedure of Examples 8-13 was followed to produce microstructure-bearing composite TIRF plastic 
articles which were subjected to fidelity testing as reported in Table D. 

Table D 

T5 



20 . 



Example 


Excess Resin 


Initial 


Exit Temp. 


Initial T-Test 


Initial Curve 




Thickness 


Temp. (' C) 


fC) 


Value(%) 


. Value 


14 


70% 


1 


16- 


2.03 


0.08 


15 


126% 


- -0- 


.13 


1.83 


0.83 


16 


98% 


35 


45 


3.01 


1.10 


17 


126% 


36 


45 


2.68 


1.14 . 


18 


56% 


70 




5.16 


: 1 .94 


19 


84% 


69 


70 


4.75 


2.39 



The composites of Examples 14 - 19 were then aged at 70"C. and T-Test Value and imerferometry 
measurements repeated after 240 and 480 hours aging. Results of these tests are reported in Table E. 

JO 

Table E 



05 



40 



Example 


240 hr T-Test 


240 hr 


480 hr T-Test 


480 hr 




Value(%) 


Curve Value 


Value(%) 


Curve Value 


14 


3.02 


. 0.96 


4.14 


1.03 


15 


2.77 


1.01 


3.74 


0.9 


16 


3.91 


2.35 


5.05 


1.76 


17 


3.77 


1.99 


5.18 


1.55 


18 


5.99 


2.59 


7.05 


2.22 


19 


5.47 


2.66 


7.10 • 


3.27 



Comparison of the data in Tables D and E with the data in Tables B and C reveals that over a range of 
from about 14% to about 130% excess resin, curing the oiigomeric resin composition at higher tempera- 
tures resulted in inferior replication fidelity. It should also be noted that T-Test Values and Curve Values for 
the samples of Examples 14-19, which were prepared with substantially more than 20% excess resin, were 
higher than the values for the samples of Examples 8-13 which were prepared with significantly less excess 
resin. 



Example 20 



The TIRF samples of Examples 8. 10 and 12 after 480 hours aging w re separately mounted in the T- 
Test apparatus, and the T-Test Value of each was measured as the film was alternately heated to about 
90 "C and allowed to cool. At each change in temperature the T-Test Value was recorded after it had 
stabilized. A commercially available acrylic TIRF article (Scotch® Optical Lighting Film. Prod. #2300. 

11 

J 
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available from 3M) was also evaluated under similar conditions. Results are reported in Table fi_ 

Table F 



5 


Example 


Initial T-Test 
Valu (%) 


Hot T-Test 
Value(%) 


Cool T-Test 
Value(%) 


Reheated 

T-Test 
Value(%) 


Recooled 
T-Test 
Value(%) 


JO 


8 

10 

12 

Commercial TIRF 


2.30 
3.65 
7.17 
0.9B 


2.08 
1.95 
4.23 
1.26 


2.28 
- 3.62 
7.26 
1.00 


2.05 
1.84 
4.03 
1.30 


2.28 
3.62 
7.15 
, 1.00 



75 



20 



The data in Table F indicate that the TIRF an.cles of Examples 8,10, and 12 experience a decrease .n 
the T-Test Value as the films are heated, indicative of stress relief in a film as its temperature approaches 
the temperature at which its reactive oligomeric resin composition was cured. This behavior stands .n 
contrast to the commercially available TIRF article which shows a higher T-Test Value as it js heated. 



Example 21 



25 



30 



A liquid UV-curable oligomeric resin composition was prepared by blending the indicated materials 
together: 



Reactants 



Polyether urethane acrylate oligomer ("EbecryP 4826) 
Polyester urethane acrylate oligomer ("Photomer" 6008) 
Neopentylglycol propoxylate diacrylate ("Photomer" 4127) 
2-Hydroxy-2-methy! propiophenone 




35 



40 



45 



The oligomeric resin composition at 65-70* C was deposited on a rotating metal cylindrical mold that 
had a 0.178 mm deep TIRF pattern arranged with the grooves running circumferentially. As the cylinder 
rotated a polycarbonate substrate was pressed against the resin by a hard rubber roller under a pressure 
sufficient to leave approximately 0.25-mm of excess resin above the TIRF pattern. Rotation of the cylinder 
carried the uncured composite past a bank of medium pressure ultraviolet lamps, exposing the uncured 
oligomeric resin composition to a UV dose of 400 - 600 mJ/cm 2 to produce a continuous TIRF article. The 
temperature of the cylindrical metal mold was controlled at various temperatures with circulated heat 
exchange oil to adjust the cure temperature. T-Test Values for TIRF articles cured at the various 
temperatures are reported in Table G. 

Table G 



Cure 


T-Test 


Temperature( C) 


Value 


65 


3.0 


55 


2.5 


40 


2.1 



55 

This xample demonstrates that lower cure temperatures in a continuous process improve replication 
fidelity in a manner similar to that observed in batch processes. 
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Example 22 



to 



10 P ' aC bi p.acing the samp.e tube in a rigid acrylic tube lined with a light source at one end of the tube and 
the integrating sphere radiometer apparatus at the opposite end of the tube, and 
O determining the intensity of the light transmitted through the tube. 
Based on the intensity measurements, a transport (actor, which ,s def.ned as: 



is 



Transport Factor - 



- tube length in diameters 
T0"x log (transport/source) 



20 



« related lor the sample tubes. Sample tubes fabricated from the aforementioned commercially 

reported m Table H. ^ . 

Table H 



25 



30 



TIRF 


Cylinder 
Dia.(crn) 


Source ! 
Intensity 


Measured 
Transport 


Transport Factor 
Diam ./Decibel 


Commercial 
Commercial 
Ex 21 
Ex 21 


7.0 
4.8 

7.0 
- 4.8 - 


1.007 
0.933 
1.005 
0.949 


0.859 
0.677 
0.B20 
. 0739 


10.53 
7.66 
8.23 
9.82 



35 



These data indicate that, at a diameter of 7 cm. the conventional acrylic based TIRF article has superior 
opJal properties but/surprisingly, at a d.ameter of 4.8 cm. the TIRF art.c.e of Example 21 has supenor 
optical properties. 



<o 



Example 23 



•<s 



so 



"Ebecryl" 4826. a liquid oolyether urethar.e acrylate oligomer composition, was used as in Example M 
,o ma^a composi e TIRF article except that the master mold was metal and had a 0.089 mm deep TIRF 
pane and a Siaxia.ly oriented polyethylene tereph.ha.ate) film substrate (0.178 mm th.ck) -s used as 
the substrate. The oligomer* resin composition was cured with electron beam racoon by expos ng he 
unrured composite to 3 megarads of radiation at 300 kv from an electron beam apparatus (Energy 
sJences. InTAfter the resuming composite plastic artic.e was removed from the master mo.d. ,ts T-Test 
Value was determined to be 3.9%. 



Examples 24 - 25 



55 



A liquid UV-curable oligomer* resin composition was prepared by blending the fol.woig materials 
together: 



13 
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10 



15 



Reactants 



Acrylate-capped polycaprolactone urelhane oligomer of Example 1 
Butyl carbamoyloxyethyl acrylate 
N-(isobutoxy methyl) acrytamide 

2-Hydroxy-2-methy! propiophenone ' 



Parts 



60 
20 
16.5 
0.5 



This oligomer* res.n composition was used to prepare composite TIRF nicies us.ng the procedure > of 

maintained at 65 C throughout the preparation ol the TIRF articles, upticai pe ° p vam „i e 20 with 
T.RF anfc.es was then evaluated as a .unction 0. temperature as previous.y descnbed,n Example 20. w.th 
the T-Test values tor the two articles reported in Table I. 

Table I 



EXAMPLE 


INITIAL T-TEST 
VALUE(%) 


HOT T-TEST 
VALUE(%) 


COOL T-TEST 
VALUE(%) 


REHEATED 

T-TEST 
VALUE(%) 


' RECOOLED 
T-TEST 
VALUE(%) 


24 
25 


3.22 
4.45 


1.2:5 
1.75 


3.47 
4.55 


1.35 
1.60 


3.55 
4.55 



20 



25 



30 
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The data in Table I indicates that the TIRF article of Example 24. which had a smaller 1 difference, 
between the TEC ol the cured oligomer* resin compos-tion and the polycarbonate substrate had lower T- 
? e 7vaUs at both ambient condLns and at an elevated temperature than the TIRF article of Example 25 _ 

d a shows that optica, properties-of TIRF : a mc,es can be improved if the 
TECs of the substrate and the cured oligomer* resin compositions are minimized. It should also be noted 
ma. the d "erence between T-Test Values lor the two samples was smaller at elevated temperatures than rt 
Z Z ^ amb-enMemperatures. further showing that both samples are approaching a s.mi.ar unstressed 
configuration, and hence similar optical properties, at elevated temperatures. 



AO 
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Claims 

1 Method ol producing a composite plastic article that has an utilitarian microstructure. which 
microstructure is at least 0.025 mm in depth, said method comprising the steps of: 

a) preparing a one-part, so.vent-lree. radiation-polymerizable. crosslinkable. organic obgomenc resin 
composition having hard segments and soft segments. 

b) depositing that oligomer* resin composition onto a master negative microstructure molding 
surface in an amount barely sufficient to fill the cavities of the master. nrolnrm ^ 

c) filling the cavities by moving a bead of the oligomer* res.n composition between a preformed 
substrate and the master, at least one ol which is flexible, and 

d) irradiating the deposited composition to provide a composite of said substrate and polymerized 
oligomer* resin, and when the thermal expansion coefficient ol the substrate and polymerized res.n are not 
approximately equal, limiting the temperature during curing .0 no. more than 30 C above the typical use 
temoerature of the finished composite plastic article. 

2 Method as defined in claim 1 wherein the viscosity of the resin composition in step a) is from 1.000 

'° 5 "3°Method as defined in claim \ wherein the curing in step d) is by actinic radiation, and photoinitiator is 

astSn Sn 3 wherein the amount o, photoinitiator is from 0, to 0.5,. by weigh, of 

the resin composition. . 
5. Method as defined in claim 1 wherein the curing in step d) is by electron beam irradiation. 
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6. Method as defined in claim 1 wherein pressure is applied in step c) such that the deposited 
oligomenc resin composition does not protrude . beyond said cavities to more than 20% of the height of the . 
cavities. 

7. Method as defined in claim 6 wherein the temperature of the oligomeric resin is no; allow d to rise 
5 above 50* C during step d). 

8. Method as defined in- claim 1 wherein the substrate is a tough, flexible polycarbonate film. 

9. Method as defined in c!a;m 1 wherein said utilitarian microstructure comprises optically utilitarian 
discontinuities in the surlace of said polymerized oligomenc resin. 

10. Method as defined in claim 9 wherein the temperature during curing is no: more than 10 C above 
to the typical use temperature of the finished composite plastic amcle. 

1 1. Method as defined in claim 9 wherein the microstructure makes trv* composite plastic article a total 
internal reflecting film. 

12. A composite plastic article comprising a tough, flexible substrate, one face of which bears 
microstructure of utilitarian discontinuities, which microstructure has a depth of at least 0.025 mm and 

is comprises a cured oligomeric rosin having hard segments ana soft segments, the cured resin being 
*• . substantially confined to the microstructure portion of the composite. 

. - — .13. A composite-plastic article as defined in claim 12 wherein the total depth of the cured resin is not 
more than 20% greater than the depth of the microstructure. 

14. A composite plastic article as defined in claim 12 wherein the substrate comprises a tough, flexible. 
20 transparent, thermoplastic film. K . 

15. A composite plastic article as defined in claim 14, the substrate of which is a flexible polycarbonate 

film. 

16. A composito plastic article as defined in claim 14 wherein said microstructure makes the composite 
plastic article a total internal reflecting film. 

25 17. A composite plastic article as defined in claim 16 and formed into a light pipe having a diameter of 
less than 7.5 cm. 

18. A composite plastic article as defined in claim 12 wherein said utilitarian discontinuities comprise 
optically utilitarian discontinuities. ^ .-: ; , 

19. A composite plastic article as defined in claim 12 wherein each surface of said flexible substrate 
jo bears microstructure of said utilitarian discontinuities. 

20. A master tool having a negative molding surface of discontinuities to be replicated by a curable 
resin composition, said surface being provided by a thermoplastic resin which has a surface energy no 
greater than 33 Jynes- ; cm to permit the cured resin to be released from the negative molding surlace. 

21. A master tool as defined in claim 20 wherein said thermoplastic resin is a polyolefin. 

55 22. A master tool as defined in claim 21 wherein said thermoplastic resin comprises a composite of 
polypropylene and polyethylene, the latter being at the molding surface. 

23. A master tool as defined in claim 20 wherein said negative molding surface of discontinuities is 
adapted to provide optically utilitarian discontinuities upon replication by said curable resin composition. 

24. Method as defined in claim 1 wherein the experimentally determined thermal expansion coefficient . 
40 of said polymerized resin is in the range of 1.33 to 6 times the experimentally determined thermal 

expansion coefficient of said preformed substrate. 

25. Method as defined in claim 24 wherein said preformed substrate has an experimentally determined 
thermal expansion coefficient in the range of 0.3 x i0" 4 mm/mm/'C to 1.5 x 10~ 4 mm/mm/ C and said 
polymerized resin has an experimentally determined thermal expansion coefficient in the range of from 2 x 

45 l0" 4 mm/mm/*C to 3 x 10"* 4 mm/mm/'C. 

26. Method as defined in claim 25 wherein said preformed substrate has a T g above room temperature 
and said polymerized resin has at least one T 0 below room temperature. 

27. A composite plastic article according to claim 12 wherein said cured oligomeric resin has an 
experimentally determined thermal expansion coefficient that is from 1.33 to 6 times greater than the 

50 experimentally determined thermal expansion coefficient of said flexible substrate. 

28. A composite article according to claim 27 wherein the xperimentally determined thermal expansion 
coefficient of said cured oligomeric r sin is in the range of 0.3 x 10~ 4 mm/mm/ C to 1.5 x 10" 4 mm/mm/ C 
and said cured oligomeric resin has an experimentally det rmined th rmal expansion coefficient in the 
range of 2 x 10~ 4 mm/mm/* C to 3 x 1 0~* mm/mm/" C. 

55 29. A composite article according to claim 28 wherein said cured oligomeric resin has at least one T g 
below room temperature and said flexible substrate has a T 0 above room temp rature. 



